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Anodes  manufactured  from  NiO-  and  yttria-stabilized  zirconia  (Y2O3  doped  Zr02,  YSZ)  powders  are 
today’s  state  of  the  art  for  solid  oxide  fuel  cells  (SOFCs)  because  they  are  easy  to  manufacture  and  have 
high  performance  in  both  anode-supported  and  electrolyte-supported  cells.  However,  such  cells  can  show 
significant  degradation  or  fail  completely  if  nickel  is  reoxidized  during  high-temperature  operation  even 
though  it  can  be  reduced  again.  Tests  with  stacks  and  systems  have  shown  that  system  shutdown  proce¬ 
dures,  accidental  air  entry  due  to  component  failure  or  controlled  air  feed  to  the  anode  side  as  a  result  of 
operational  necessities  may  occur  and  result  in  the  reoxidation  of  the  metallic  nickel.  This  reoxidation  is 
not  only  associated  with  a  volume  expansion,  but  also  with  significant  structural  changes  in  the  anode 
microstructure,  generating  stresses  in  the  anode  itself,  as  well  as  in  the  electrolyte.  These  stresses  can 
exceed  the  stability  of  the  components,  potentially  promoting  crack  growth,  which  leads  to  degradation 
of  the  SOFC  or  complete  failure. 

This  problem  has  been  addressed  by  a  number  of  contributions  in  the  literature  over  the  last  decade, 
but  interest  is  increasing,  particularly  because  SOFC  systems  are  being  discussed  for  transport  and  mobile 
applications  requiring  new  system  specifications.  The  most  critical  problem  to  be  overcome  is  the  tol¬ 
erance  of  a  large  number  of  intentional  redox  cycles  due  to  system  requirements  during  operating 
lifetime. 

This  article  gives  an  overview  of  the  various  approaches  to  the  redox  problem  by  summarizing  many 
of  the  contributions,  starting  with  a  basic  understanding  of  the  underlying  physicochemical  processes  of 
Ni  reduction  and  oxidation  and  ending  at  stack-level  results,  leading  finally  to  their  combination  with 
recent  findings.  It  aims  to  elaborate  reliable  results  and  open  questions  on  this  topic  considering  the 
mechanical  and  electrochemical  aspects  of  the  problem. 

©  2010  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

As  long  as  fuel  (e.g.  hydrogen,  reformate  or  a  methane/water 
vapour  mixture  appropriate  for  internal  reforming)  is  supplied  to 
the  anode  side  of  the  cell  during  SOFC  operation,  the  nickel  in  the 
anode  substrate  and  anode  layer  remains  in  the  reduced  state.  How¬ 
ever,  if  this  fuel  supply  is  interrupted,  oxygen  will  still  diffuse  from 
the  cathode  side  through  the  electrolyte  to  the  anode  side  or  enter 
via  imperfect  seals  from  outside  the  system  or  the  BoP  (balance  of 
plant)  components  (e.g.  reformer,  afterburner).  Interruption  of  the 
fuel  supply  may  occur  accidentally  as  a  result  of  an  error  in  the  sys¬ 
tem  control  or  intentionally  upon  system  shutdown.  The  presence 
of  oxygen  on  the  anode  side  of  the  cell,  especially  at  typical  opera¬ 
tion  temperatures  for  SOFCs,  will  lead  to  reoxidation  of  the  nickel. 
Operation  with  undesirably  high  fuel  utilization  can  also  cause  the 
oxygen  activity  to  rise  above  the  equilibrium  condition  between  Ni 
and  NiO  and  form  NiO  [1  ].  The  reoxidized  nickel  can  be  re-reduced, 
but  various  investigations  have  revealed  that  the  structure  of  sub¬ 
strate  and  anode  cannot  be  restored  [2-8].  The  structural  changes 
in  the  substrate  and  anode  upon  reoxidation  lead  to  dimensional 
changes  that  generate  stresses  in  substrate,  anode  and  other  cell 
components,  potentially  promoting  damage  in  all  layers  of  the  cell 
and  therefore  degrading  cell  performance  or  even  causing  complete 
failure  of  the  cell  [1,3,5,6,9,10]. 

Investigations  of  the  redox  tolerance  of  Ni-based  SOFC  anode 
substrates  and  anodes  have  gained  increasing  interest  since  SOFC 
systems  are  not  only  being  discussed  as  solutions  for  future  sta¬ 
tionary  small-scale  domestic,  residential  and  industrial  power 
generation,  but  also  for  transport  and  mobile  applications,  e.g.  as 
auxiliary  power  units  in  aircraft,  trucks  and  cars  [11]. 

In  the  literature,  several  “system  solutions”  for  avoiding  reoxida¬ 
tion  of  substrate  and  anode  are  discussed  with  particular  emphasis 
on  fuel  gas  supply  interruption  during  system  shutdown:  e.g.  main¬ 
tenance  of  fuel  gas  supply  until  the  system  temperature  falls  below 
a  critical  temperature,  inert  purge  gas  supply  for  the  shutdown  pro¬ 
cedure,  cell  reversal  or  “passive  solutions”  such  as  hydrides,  oxygen 
getters  or  steam  purging.  In  real  fuel  cell  power  systems  emergency 
(shut  down)  procedures,  eventually  including  inert  gas  purging, 
have  to  be  implemented  in  the  control  system  and  they  automati¬ 
cally  start  in  case  of  accidental  failures.  They  are  needed  to  comply 
with  safety  standards,  but  they  may  be  also  useful  to  protect  the 
electrochemical  module  from  further  damages  [9,12]. 

In  order  to  achieve  a  breakthrough  on  the  market,  SOFC  sys¬ 
tems  have  to  hit  very  tight  cost  targets.  Therefore  the  application 
of  expensive  “system  solutions”  is  undesirable.  Moreover,  some  of 
these  solutions  only  provide  an  answer  for  the  intentional  inter¬ 
ruption  of  the  gas  supply,  but  not  for  accidental  operation  failure. 
Therefore  it  is  desirable  to  find  a  technological  solution,  i.e.  to 
prevent  the  damage  caused  by  this  oxidation  in  order  to  achieve 
tolerance  of  reduction-reoxidation  sequences  (redox  cycles).  Fur¬ 
thermore,  if  the  SOFC  is  used  as  an  auxiliary  power  unit  (APU)  for 
vehicle  systems,  solutions  based  on  additional  components  should 
be  avoided  due  to  additional  weight  and  complexity.  In  addition  to 
considerably  tightened  design  requirements,  mobile  applications 


for  SOFC  systems  also  have  to  tolerate  a  large  number  of  intentional 
redox  cycles  in  the  case  of  system  shutdown  during  operating  life¬ 
time,  because  “system  solutions”  are  even  less  probable  in  mobile 
than  in  stationary  applications. 

2.  Current  state  of  knowledge 

A  number  of  investigations  in  the  literature  aimed  to  describe 
the  reoxidation  process  in  substrates  and  anodes  and  the  result¬ 
ing  structural  and  dimensional  changes  causing  damage  in  the  cell. 
The  following  section  gives  an  overview  of  the  basic  processes 
governing  the  reduction  and  oxidation  of  nickel,  the  observed  pro¬ 
cesses  in  the  substrate  and  anode  upon  redox  cycling,  the  associated 
mechanisms  and  their  consequences  for  other  cell  components. 
Furthermore,  approaches  and  their  underlying  concepts  for  a  tech¬ 
nological  solution  to  the  redox  problem  proposed  in  the  literature 
are  outlined. 

2.1.  Reduction  of  NiO 

The  reduction  of  NiO  particles  in  H2  begins  with  an  induction 
period.  During  this  period,  nucleation  of  metallic  clusters  takes 
place.  These  clusters  then  grow  into  crystallites  at  an  approxi¬ 
mately  linear  rate  [1].  Radovic  et  al.  [13]  showed  that  the  initial 
reduction  causes  a  negligible  change  in  the  bulk  dimensions  of 
the  cermet.  The  volume  decrease  associated  with  a  change  from 
NiO  to  Ni  induces  an  increase  in  cermet  porosity.  The  reduc¬ 
tion  continues  at  the  interface  between  NiO  and  the  previously 
reduced  porous  nickel.  At  temperatures  between  200  and  600  °C, 
the  reaction  rate  is  rapid  and  interface  controlled  with  an  activation 
energy  of  85-90  kj  mol-1.  At  higher  temperatures,  sintering  of  the 
porous  nickel  takes  place,  which  restricts  the  access  of  H2  to  the 
oxide-metal  interface  [14,15]. 

2.2.  Reoxidation  of  nickel 

In  the  temperature  region  typical  for  SOFC  startup  and  operation 
(300-800  °C),  it  has  been  shown  that  the  dominant  mass-transport 
process  governing  NiO  film  growth  is  the  outward  diffusion  of 
nickel  ions  along  dislocations  and  grain  boundaries  in  the  NiO  layer 
[16,17].  In  this  region  the  activation  energy  has  been  determined  as 
about  144  kj  mol-1  and  the  rate  constant  kp  at  800  °C  in  the  range 
oflO-11  and  10-12cm2s-1  [17-19].  Estimates  on  the  basis  of  these 
data  show  that  a  l-|jim-thick  film  of  NiO  is  formed  in  4  min  [1]. 
Anode  oxidation  at  high  temperatures  is  thus  a  potentially  fast 
process.  The  Wagner  theory  predicts  that  kp  is  dependent  on  the 
oxygen  partial  pressure  (kp  oc  (po2)^6)  [20].  Hence,  if  the  oxygen 
partial  pressure  is  low,  the  growth  rate  is  reduced. 

The  process  of  outward  nickel  ion  transport  for  oxide  film 
growth  leads  to  a  potential  problem  in  maintaining  contact  at  the 
metal-oxide  interface.  When  interface  recession  is  inhibited,  the 
NiO  layer  also  grows  via  the  inward  transport  of  oxygen,  proba¬ 
bly  by  gas  molecule  permeation  through  fissures  in  the  oxide  scale 
[21  ].  This  applies  particularly  to  the  oxidation  of  small  nickel  parti- 
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cles  as  they  are  found  in  the  substrate  and  anode  of  a  SOFC.  For 
them,  the  outward-growing,  almost  spherical  oxide  layer  is  too 
rigid  for  the  interface  recess  [1  ].  Karmhag  et  al.  [22,23]  investigated 
the  oxidation  of  nickel  particles  of  various  sizes.  Studies  on  small 
polycrystalline  nickel  particles  of  around  5  p,m  in  diameter  showed 
that  the  activation  energy  is  independent  of  the  morphology  and 
surface  structure  of  the  particles.  The  measured  parabolic  rate  con¬ 
stants  fall  within  the  range  typical  of  bulk  nickel  oxidation.  As  the 
metal  core  is  exhausted,  the  oxidation  kinetics  deviates  from  the 
parabolic  behaviour. 

2.3.  Nickel/YSZ  cermets 

Although  nickel  oxidation  and  reduction  have  been  well  inves¬ 
tigated,  these  results  cannot  be  applied  directly  to  nickel-based 
substrates  and  anodes  because  of  their  composite  structure  with 
YSZ  as  ceramic  component.  Redox  cycling  on  nickel-based  cermet 
substrates  and  anodes  for  SOFCs  has  been  studied  by  testing  bars, 
discs  and  powders  [2-4,10,24-27].  Changes  in  weight,  dimensions, 
mechanical  integrity  and  microstructure  have  been  investigated 
using  thermogravimetry,  dilatometry  and  microscopy. 

Experiments  on  fully  dense  rectangular  bars  (60vol.%  NiO)  in 
N2/10%  H2  and  air  in  the  temperature  range  of  600-800  °C  showed 
linear  reduction  kinetics,  indicating  an  interface-controlled  mecha¬ 
nism  with  an  activation  energy  of  94  kj  mol-1  [24].  This  is  consistent 
with  the  activation  energy  found  for  the  reduction  of  single  par¬ 
ticles  [14,15].  The  reoxidation  kinetics,  however,  were  found  to 
be  parabolic  and  diffusion  controlled.  The  rate-determining  step 
appeared  to  be  the  diffusion  of  oxygen  through  the  pores,  as  the 
effective  diffusion  coefficient  (estimated  to  be  ~10-7  cm2  s-1 )  was 
independent  of  temperature  and  oxidation  was  not  uniform  [24]. 
At  550-650 °C  Stathis  et  al.  [25]  and  at  700-800 °C  Modena  et  al. 
[26]  found  a  logarithmic  behaviour,  suggesting  that  nickel  diffu¬ 
sion  through  the  growing  NiO  layer  was  the  rate-determining  step 
for  oxidation  in  air.  This  difference  is  probably  caused  by  the  much 
higher  porosity  of  the  samples  compared  to  those  used  by  Tikekar  et 
al.  [24].  Investigating  redox  behaviour  with  cermet  anodes  (57  wt.% 
NiO),  Waldbillig  et  al.  [4]  found  a  linear  law  for  reduction  and  a 
parabolic  law  for  reoxidation  at  temperatures  below  700  °C  and  low 
degrees  of  conversion.  At  higher  temperatures  between  700  and 
850  °C,  a  divergence  from  parabolic  behaviour  was  found.  The  acti¬ 
vation  energies  reported  were  78  and  87  kj  mol-1  for  reduction  and 
reoxidation,  respectively.  The  activation  energy  is  therefore  slightly 
lower  than  for  single  nickel  particles,  which  could  be  a  result  of  gas 
transport  in  the  pore  structure  of  the  cermet  (diffusion  through 
pores).  A  comparison  of  the  redox  kinetics  of  Ni/YSZ  cermets  and 
pure  nickel  powder  showed  a  stronger  temperature  dependence  of 
the  oxidation  and  a  weaker  temperature  dependence  of  the  cermet 
reduction  [8,27]. 

2.3 A.  Effect  of  reoxidation 

As  discussed  above,  a  number  of  studies  indicated  that  reduced 
nickel-based  substrates  and  anodes  do  not  return  to  their  initial 
state  upon  reoxidation.  For  example,  Cassidy  et  al.  [28]  found  a 
significant  volume  increase  after  reoxidation  compared  to  the  ini¬ 
tial  state.  The  suggested  explanation  was  sintering  and  coalescing 
of  finely  distributed  NiO  particles  during  reduction  into  a  coarser 
network  of  larger  particles.  Consequently,  the  local  volume  change 
upon  reoxidation  becomes  too  big  to  be  compensated  by  the  local 
porosity.  Klemenso  et  al.  [3]  proposed  a  simple  model  for  the 
mechanism  behind  redox  instability  on  the  basis  of  experimen¬ 
tal  observations  at  1000°C  [2].  They  associated  the  irreversible 
behaviour  with  the  rounding  of  nickel  particles  during  structural 
reduction  and  reorganization  during  reoxidation  depending  on  the 
initial  microstructure  and  oxidizing  temperature.  The  model  was 
improved  using  DC  conductivity  measurements  to  characterize  the 


microstructural  changes  in  Ni-YSZ  cermets  upon  redox  cycling.  It 
suggests  that  the  reorganization  of  the  Ni/NiO  phase  during  reduc¬ 
tion  and  reoxidation  accounts  for  the  redox  instability  of  the  anode 
and  that  the  oxide  growth  causes  damage  to  the  YSZ  network,  but 
that  it  may  promote  an  improvement  in  the  percolating  Ni/NiO  net¬ 
work  up  to  a  critical  value  for  the  porosity  [29].  Waldbillig  et  al.  [5] 
ascribed  the  structural  changes  to  the  formation  of  a  large  number 
of  intergranular  pores  after  reduction.  These  pores  provide  many 
nucleation  sites  for  the  NiO  grains  to  form  and  thus  promote  the  for¬ 
mation  of  small  randomly  orientated  grains.  This  grain  refinement 
finally  causes  the  creation  of  a  spongy  microstructure  of  NiO  with  a 
much  bigger  volume  than  the  initial  state.  All  of  these  mechanisms 
suggest  that  the  initial  microstructure  before  the  first  reduction 
significantly  influences  the  redox  behaviour.  This  was  confirmed 
recently  in  experiments  by  Pihlatie  et  al.  investigating  the  dimen¬ 
sional  behaviour  of  Ni/YSZ  composites  during  redox  cycling  [10]. 

2.3.2.  Influence  of  the  microstructure 

A  number  of  groups  have  investigated  the  influence  of  the 
microstructure  on  the  redox  behaviour  and  have  proposed 
potential  solutions  for  the  redox  problem  by  adjusting  various 
parameters.  Fouquet  et  al.  [30]  studied  linear  dimensional  changes 
by  dilatometry  with  respect  to  sintering  temperatures  and  parti¬ 
cle  sizes.  They  found  no  length  change  during  initial  reduction  and 
better  dimensional  redox  stability  for  samples  sintered  at  lower 
temperatures.  It  was  suggested  that  the  material  is  more  porous 
to  accommodate  volume  changes  upon  reoxidation  when  it  is  sin¬ 
tered  at  lower  temperatures.  Malzbender  et  al.  [6]  argued  from  the 
thermoelastic  point  of  view  that  higher  porosity  should  be  ben¬ 
eficial  for  redox  tolerance  of  substrate  and  anode.  Smaller  initial 
NiO  particles  and  a  finer  microstructure  were  found  to  be  advan¬ 
tageous  for  redox  stability  in  experiments  by  Fouquet  et  al.  [30]. 
In  a  study  by  Pihlatie  et  al.,  dilatometry  measurements  revealed 
that  dimensional  stability  is  dependent  on  microstructure  and  that 
samples  with  a  high  porosity  were  most  stable  [31].  However,  a 
study  by  Waldbillig  et  al.  [4]  concerning  the  differences  in  redox 
behaviour  between  substrate  and  anode  with  coarse  (substrate) 
and  fine  (anode)  microstructures  at  750  °C  yielded  no  significant 
volume  change  during  either  reduction  or  reoxidation  of  the  sam¬ 
ples  with  a  coarse  structure,  whereas  the  samples  with  a  fine 
microstructure  increased  in  volume  by  0.9-2.5%  and  cracked  after 
reoxidation.  The  suggested  explanation  is  better  redox  tolerance  in 
the  samples  with  a  coarser  structure  due  to  bigger  pores.  The  results 
of  Fouquet  and  Waldbillig  are  thus  inconsistent  with  respect  to  fine 
or  coarse  microstructure.  Klemenso  et  al.  [3]  investigated  the  effect 
of  the  yttria  content  in  the  YSZ  component  and  concluded  that  the 
chosen  YSZ  powder  has  a  major  influence  on  redox  stability  with 
3  mol%  Y2  O3  doped  Zr02  (3YSZ)  powders  having  significantly  lower 
expansion  rates  compared  to  8  mol%  Y203  doped  Zr02  (8YSZ)  pow¬ 
ders.  Pihlatie  et  al.  pointed  out  that  redox  cycling  leads  to  a  decrease 
in  Young’s  modulus.  They  believe  that  the  loss  of  stiffness  could  be 
correlated  with  the  cumulative  redox  strain,  measured  from  the 
macroscopic  sample  length  change  with  mechanical  degradation, 
due  to  damage  starting  at  about  0.5%  strain  (d L/L0)  and  a  macro¬ 
scopic  loss  of  integrity  resulting  from  strain  exceeding  2.5%  [32]. 

Parametric  studies  on  the  effect  of  substrate  composition  and 
microstructure  comparing  various  fine/coarse  YSZ  ratios,  NiO  par¬ 
ticle  sizes  and  content,  as  well  as  sintering  temperatures  revealed 
high  oxidation  strain  but  negligible  irreversible  strain  for  high  NiO 
content.  High  fine/coarse  YSZ  ratios  gave  high  and  irreversible  oxi¬ 
dation  strain.  A  high  sintering  temperature  resulted  in  a  rather  rigid 
structure  showing  hardly  any  reduction  strain  [33].  The  authors 
concluded  that  there  is  an  optimum  composition  and  microstruc¬ 
ture  for  substrates  and  anodes  which  yield  a  minimum  redox 
strain  and  lead  to  mechanical  degradation.  Considering  the  various 
approaches  in  this  field  and  to  some  extent  inconsistent  results,  fur- 
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ther  investigations  on  optimizing  the  microstructure  are  required 
[1,9].  The  influence  of  particle  sizes,  particle  size  ratios,  porosity, 
and  pore  size  distribution  and  composition  on  the  redox  tolerance 
of  substrates  and  anodes  has  yet  to  be  clarified  as  does  the  poten¬ 
tial  for  a  technological  solution  of  the  redox  problem  by  optimizing 
the  microstructure.  However,  the  investigations  show  that  these 
parameters  determine  the  behaviour  of  substrates  and  anodes  upon 
reoxidation  by  influencing  parameters  such  as  tortuosity,  diffusiv- 
ity  and/or  permeability. 

2.3.3.  Influence  of  the  reduction  and  reoxidation  temperature 

The  reduction  and  reoxidation  temperature  also  has  a  strong 
impact  on  the  performance  and  redox  stability  of  the  cell.  Grahl- 
Madsen  et  al.  [34]  have  shown  an  almost  linear  relationship  of  the 
electrical  conductivity  between  room  temperature,  and  reduction 
temperature.  Substrates  reduced  at  1000  °C  had  twice  the  conduc¬ 
tivity  of  those  reduced  at  800  °C.  This  could  be  due  to  enhanced 
nickel  sintering  at  higher  temperatures  improving  percolation. 
Since  the  conductivity  of  substrates  reduced  at  lower  temperatures 
could  not  be  improved  significantly  by  additional  heat  treatment 
at  higher  temperatures,  the  nickel  network  formation  obviously 
involves  simultaneous  reduction  and  sintering.  Pihlatie  et  al.  [10] 
showed  that  the  reduction  temperature  has  a  significant  impact  on 
the  macroscopic  strain  caused  by  redox  cycling.  Higher  strain  was 
found  in  samples  reduced  at  higher  temperatures.  However,  this 
can  also  be  ascribed  to  sintering  effects  during  reduction  at  high 
temperatures  leading  to  a  coarser  microstructure  than  samples 
reduced  at  lower  temperatures.  In  the  same  study,  the  dependence 
of  the  macroscopic  strain  caused  by  redox  cycling  on  reoxidation 
temperature  was  found  to  be  even  stronger  than  on  reduction  tem¬ 
perature.  Tests  on  electrochemical  performance  also  revealed  that 
redox  cycling  at  lower  temperatures  (650  °C)  is  advantageous  com¬ 
pared  to  redox  cycling  at  higher  temperatures  (850  °C)  as  smaller  Ni 
grains  and  an  undamaged  ceramic  structure  were  observed  in  the 
anode  [31  ].  In  agreement  with  this  study,  oxidation  experiments  at 
temperatures  between  550  and  950  °C  by  Stathis  et  al.  [25]  showed 
that  with  increasing  oxidizing  temperatures  the  macroscopic  strain 
increases,  showing  values  from  0.27%  at  650  °C  to  0.54%  at  800  °C. 
It  would  appear  that  the  higher  the  oxidation  rate,  the  larger  the 
observed  bulk  volume  expansion.  The  great  influence  of  the  oxi¬ 
dizing  temperature  with  a  tendency  towards  larger  volume  change 
and  higher  strain  leading  to  severe  damage  at  higher  temperatures 
was  also  observed  in  studies  by  Waldbillig  et  al.  [4],  Zhang  et  al.  [7] 
and  Klemenso  et  al.  [2,3]. 

2.3.4.  Mechanisms  leading  to  cell  damage  and  failure 

Redox  cycling  results  in  microstructural  changes  in  the  substrate 
and  anode  and  significant  volume  expansions  as  discussed  above, 
but  it  does  not  necessarily  lead  to  complete  failure  of  a  cell.  Some 
investigations  on  cells  and  half-cells  (substrate-anode-electrolyte 
assemblies)  provided  deeper  insights  into  the  mechanisms  that 
cause  damage  in  cell  components  other  than  the  substrate  and 
anode,  which  potentially  leads  to  complete  disruption  and  fail¬ 
ure  of  the  cell.  The  substrate  and  anode  expand  upon  reoxidation, 
whereas  electrolyte  and  cathode  layers  cannot  keep  up  with  this 
expansion.  Tensile  stresses  arise  in  the  cell.  If  the  tensile  resid¬ 
ual  stresses  in  the  electrolyte  exceed  its  tensile  strength,  cracks 
form  in  the  electrolyte  [4-6,25,28,31,35-41].  Stresses,  curvature 
and  cracking  are  strongly  dependent  on  homogeneity  of  oxida¬ 
tion  and  the  degree  of  oxidation  (DoO)  [4-6,25,36,38-40],  which 
are  defined  as  the  ratio  between  the  mass  of  oxygen  absorbed 
by  the  substrate  and  the  maximum  mass  of  oxygen  the  sub¬ 
strate  would  have  been  able  to  absorb  upon  complete  oxidation 
(DoO  =  m0xy(absorbed)/m0xy(max)).  Both  homogeneity  and  DoO 
also  strongly  depend  on  the  oxidizing  conditions,  e.g.  tempera¬ 
ture,  time  of  oxidation  and  gas  flow  [36,39,40].  Malzbender  et  al. 


[6,38]  monitored  the  development  of  the  curvature  of  cells  during 
redox  cycling.  The  results  showed  an  inhomogeneous  reoxidation 
at  800  °C  in  air  leading  to  complicated  stress  distributions  ulti¬ 
mately  resulting  in  electrolyte  cracking.  They  also  reported  that 
reoxidation  initially  produced  a  bending  towards  the  electrolyte. 
After  some  time,  however,  the  change  in  curvature  was  reversed. 
This  was  explained  by  a  reoxidation  front  that  proceeded  from  the 
free  surface  of  the  anode  substrate  towards  the  electrolyte  and  a 
local  change  in  elastic  modulus  in  the  anode  support  with  progress¬ 
ing  reoxidation.  Formation  of  reoxidation  fronts  could  be  observed 
in  investigations  on  areas  where  reoxidized  half-cells  fractured. 
This  shows  that  the  progress  of  the  reoxidation  front  strongly 
depends  on  the  reoxidation  temperature  and  therefore  is  a  poten¬ 
tial  explanation  for  the  differences  in  the  behaviour  of  the  cell  upon 
reoxidation  at  different  temperatures  [39,40].  In  another  approach 
by  Faes  et  al.,  creeping  effects  in  the  anode  support  during  reoxida¬ 
tion  were  found  to  be  the  reason  for  cell  warpage  upon  reoxidation. 
Reoxidation  strain  was  investigated  on  half-cells  based  on  250- 
fxm  tape-cast  Ni-YSZ  cermet  substrates  with  a  4-fxm-thick  8YSZ 
electrolyte  by  crack  width  measurements  in  the  electrolyte  and 
porosity  measurements  inside  the  anode  support.  It  was  found  that 
anode  strain  is  strongly  dependent  on  the  temperature  at  which 
redox  cycling  occurs  and  550  °C  was  calculated  and  validated  as 
a  “safe”  redox  temperature.  In  other  words,  the  reoxidation  strain 
will  not  cause  electrolyte  cracking  at  that  temperature.  Further¬ 
more,  successive  redox  cycling  was  found  to  induce  an  irreversible 
process.  However  the  maximum  strain  appears  to  reach  a  maxi¬ 
mum  value  after  approx.  10  cycles.  Faes  et  al.  also  state  that  from 
porosity  measurements  it  is  possible  to  estimate  the  number  of 
redox  cycles  endured  by  a  cell  tested  in  stack  conditions,  depend¬ 
ing  on  the  location  inside  the  cell.  The  limit  for  reoxidation  strain 
was  determined  in  the  range  of  0.12-0.21%  based  on  finite  element 
modelling  and  failure  statistics  in  dependence  on  redox  tempera¬ 
ture  and  sample  size  for  a  constant  thickness  [41  ]. 

There  are  only  a  few  studies  on  the  redox  behaviour  of  com¬ 
plete  cells  with  respect  to  electrochemical  and  performance  tests. 
Cassidy  et  al.  [28]  observed  a  drop  in  open  circuit  voltage  (OCV) 
from  0.85  to  0.4  V  due  to  significant  cracking  of  the  electrolyte 
after  a  redox  cycle.  Mueller  et  al.  found  that  in  case  of  electrolyte- 
supported  cells,  the  electrolyte  substrate  is  not  affected  by  redox 
cycling.  Nevertheless,  a  severe  increase  in  polarization  resistance 
of  3 - 1 2%  per  redox  cycle  was  observed  at  an  operating  temperature 
of  950  °C.  In  redox  tests  on  Sulzer  cells  [37],  the  substrate  remained 
undamaged  while  the  electrolyte  and  cathode  were  impaired,  caus¬ 
ing  an  OCV  drop  from  990  to  850  mV.  In  attempts  to  optimize 
substrate  characteristics,  the  OCV  drop  was  reduced  significantly 
for  substrates  with  low  fine/coarse  YSZ  fraction  ratios  and  a  high 
NiO  fraction.  In  this  unsealed  design,  cracks  in  the  electrolyte  were 
now  concentrated  only  at  the  periphery  of  the  cell.  As  substrates 
with  this  composition  exhibited  the  lowest  irreversible  oxidation 
strain  in  dilatometry,  this  parameter  was  proposed  as  the  major 
factor  in  optimizing  microstructure  to  improve  redox  stability. 

Waldbillig  et  al.  [5]  demonstrated  that  their  cells  even  survived 
complete  reoxidation  at  750  °C  without  catastrophic  losses  in  elec¬ 
trochemical  performance.  This  could  also  be  associated  with  a  low 
oxidation  strain.  The  actual  loss  in  cell  performance  increased  with 
the  extent  of  oxidation  (time  of  oxidation  varying  the  DoO)  and  the 
number  of  cycles,  and  was  attributed  to  tensile  cracking  of  the  elec¬ 
trolyte.  Furthermore,  they  had  some  success  in  improving  redox 
tolerance  by  introducing  a  gradation  in  nickel  content  in  the  anode 
and  a  second  similar  layer  on  the  opposite  face  of  the  substrate  to 
restrict  ingress  of  oxygen  from  the  gas  phase  [42]. 

Finally  Holtappels  et  al.  [43]  performed  redox  tests  on  a  three¬ 
cell  stack  (Sulzer  Hexis  design)  fabricated  by  die  cold  pressing  of 
the  substrate  and  spray  pyrolysis  of  the  electrolyte.  A  rapid  drop  in 
OCV  was  measured  after  one  redox  cycle  for  two  of  the  three  cells.  In 
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the  third  cell,  the  OCV  remained  unchanged  and  the  area-specific 
resistance  (ASR)  decreased.  The  improved  cell  had  a  coarser  YSZ 
microstructure  in  the  substrate  and  anode,  potentially  explaining 
the  poorer  electrochemical  performance  but  better  redox  stability. 

3.  Reoxidation-fracture 

“The  cell  structure  in  a  working  SOFC  stack  is  subject  to  mechan¬ 
ical  loads  from  a  variety  of  sources,  many  of  which  depend  on 
the  details  of  the  cell  and  stack  design.  For  example,  the  inter¬ 
connectors  and  bipolar  plates  will  impose  strains  that  depend  on 
their  thermal  expansion  coefficients  and  the  compliance  of  con¬ 
straints  imposed  by  seals.  In  addition  the  cell  layers  are  likely  to 
be  under  residual  stress  resulting  from  cooling  from  the  manu¬ 
facturing  process  and  initial  reduction  of  the  anode.  Whether 
these  persist  at  the  operating  temperature,  or  are  gradually 
relaxed  by  creep  is  not  known. . ..  Furthermore,  a  real  cell  will 
not  be  isothermal  and  this  will  generate  additional  stresses.” 
Sarantaridis  and  Atkinson  [1  ]. 

In  the  subsequent  section,  the  mechanical  effects  associated 
with  reoxidation  are  reviewed  with  respect  to  macroscopic  and 
microscopic  effects  and  possibilities  of  mechanical  modelling. 

3. 1 .  Macroscopic  effects 

3.1  A.  Strength 

The  relationship  between  reoxidation  and  fracture  strength  has 
received  limited  attention  in  the  literature  [25,44].  Although  the 
strength  of  the  substrates  appears  to  be  only  slightly  influenced 
by  the  initial  reduction  [34,44],  reoxidation  can  cause  spontaneous 
mechanical  failure,  especially  at  high  reoxidizing  temperatures 
[25].  This  implies  that  the  associated  strain  is  temperature  depen¬ 
dent.  Flowever,  specimens  reoxidized  in  air  below  650  °C  showed 
an  increase  in  bending  strength,  which  can  be  attributed  to  a  poros¬ 
ity  reduction.  In  agreement  with  this,  Mohammadi  et  al.  recently 
reported  [45]  that  after  reoxidation  cycles  the  maximum  strength 
of  the  reoxidized  anode  was  higher  than  in  reduced  state. 

3.1.2.  Expansion  and  warping 

Whereas  the  macroscopic  dimensions  of  cells  do  not  appear 
to  be  changed  by  reduction  [28],  reoxidation  leads  to  signifi¬ 
cant  alterations  due  to  the  irreversible  structural  change  in  NiO. 
Some  authors  have  measured  the  volume  change  with  dilatome- 
ters  [3,4,1 0,25,28  ]  and  have  shown  that  the  magnitude  of  expansion 
depends  strongly  on  parameters  such  as  initial  porosity,  nickel  con¬ 
tent  [4]  and  the  oxidation  rate  of  the  composite,  and  therefore  the 
reoxidation  temperature  [  1 0,30].  It  has  been  reported  that  the  mag¬ 
nitude  of  the  irreversible  change  in  NiO  after  reoxidation  depends 
on  the  actual  particle  size  (3-9%,  [28]).  Furthermore,  Robert  et  al. 
[33]  stated  that  initial  reduction  led  to  a  contraction  of  approxi¬ 
mately  0.1 5%,  while  the  reoxidation  expansion  accounted  for  0.35%. 
A  second  reduction  gave  a  contraction  of  approximately  0.25%  leav¬ 
ing  a  permanent  irreversible  elongation  of  approximately  0.1%. 
It  was  observed  by  Sarantaridis  et  al.  [46]  that  the  first  reoxida¬ 
tion  cycle  resulted  in  a  strain  of  0.14%,  and  a  second  reoxidation 
increased  the  strain  by  additional  0.6%.  Pihlatie  et  al.  [10]  reported 
that  the  cumulative  redox  strain  after  three  redox  cycles  increases 
from  0.25%  to  3.2%  dl/Lo  when  the  isothermal  redox  cycling  tem¬ 
perature  is  increased  from  600  to  1000  °C.  Recently,  Laurencin  et  al. 
[47]  performed  reoxidation  tests  at  800  °C  with  free  standing,  i.e. 
unconstrained,  cells  fabricated  by  Forschungszentrum  Jiilich  based 
on  a  1.5-mm  anode  substrate.  In  this  study,  the  critical  degree 
of  reoxidation  was  found  to  be  in  the  range  of  58-71%,  leading 
to  an  oxidation  strain  in  the  range  of  0.26-0.34%.  In  approaches 
using  mechanical  modelling  to  predict  the  critical  oxidation  strain, 


somewhat  lower  values  of  0.19%  were  calculated  for  the  energetic 
approach  and  0.16%  for  the  probabilistic  approach.  This  corre¬ 
sponds  to  a  critical  degree  of  oxidation  of  about  50%.  A  possible 
explanation  for  the  discrepancies  between  the  predicted  and  mea¬ 
sured  values  is  that  inappropriate  material  data  was  used  for  the 
calculations  due  to  a  lack  of  more  reliable  values.  In  the  same  study, 
the  impact  of  reoxidation  induced  by  ionic  current  (electrochemi¬ 
cal  reoxidation)  was  observed.  Evaluation  of  impedance  diagrams 
and  observations  in  post-test  analysis  revealed  that  delamination 
at  the  substrate/anode  or  anode/electrolyte  interface  is  the  major 
failure  mechanism  for  this  type  of  reoxidation.  Experiments  and  a 
mechanical  analysis  for  the  scenario  in  which  only  the  anode  (not 
the  substrate)  is  reoxidized  suggest  that  substrate/anode  interface 
delamination  is  more  likely  to  occur  as  this  interface  was  found  to 
be  weaker  than  the  anode/electrolyte  interface  [48]. 

Klemenso  et  al.  [49]  measured  the  reoxidation  expansion  of  the 
specimen  characteristics  of  an  anode  support  and  an  anode  layer  for 
an  anode  substrate  containing  3YSZ  and  8YSZ,  and  found  that  the 
anode  support  structure  displayed  significantly  lower  expansion. 
In  addition,  it  has  been  reported  that  a  reduction  in  the  sinter¬ 
ing  temperature  decreases  the  reoxidation  expansion  by  virtue  of 
the  lower  porosity-related  stiffness  [30].  Flence,  reoxidation  strain 
was  suggested  to  be  a  major  factor  in  controlling  reoxidation  sta¬ 
bility  [37].  Crack  formation  within  the  anode  has  been  associated 
with  an  increase  in  polarization  resistance  [30].  Different  reports  on 
the  reoxidation  of  anode-supported  cells  have  revealed  electrolyte 
cracking  [28,37].  In  fact,  cracking  was  more  pronounced  at  750  °C 
than  at  600°C[30]. 

Interrupted  oxidation  experiments  on  anode  supports  revealed 
irreversible  linear  strain  behaviour  with  reversible  behaviour  for 
the  elastic  modulus,  indicating  that  uniform  oxidation  caused  no 
substantial  damage  in  the  anode  support  [1  ].  Interrupted  oxidation 
on  free-standing  cells  resulted  in  failure  by  extensive  electrolyte 
channel  cracking  at  a  critical  degree  of  oxidation  of  ~50%.  Elec¬ 
trochemical  oxidation  of  cells  incorporated  in  a  metal  housing,  on 
the  other  hand,  led  to  anode  support  cracking  at  only  ~5%  oxida¬ 
tion.  The  cracking  patterns  in  the  latter  case  were  consistent  with 
tensile  cracking  in  the  outer  regions  of  the  substrate  driven  by  an 
oxidation-induced  expansion  of  the  inner  region.  A  model  of  cell 
stability  has  been  developed  in  which  oxidation  occurs  preferen¬ 
tially  within  a  central  zone.  This  model  predicts  tensile  cracking 
of  the  substrate  at  much  lower  values  of  the  degree  of  oxidation 
compared  to  uniform  oxidation,  which  is  in  good  agreement  with 
the  experimental  observations.  It  was  concluded  that  non-uniform 
oxidation  processes  will  have  more  detrimental  effects  than  uni¬ 
form  ones,  and  are  also  likely  to  occur  in  the  case  of  leakage  in  seals 
or  at  high  fuel  utilization  [46]. 

In  general,  depending  on  the  cermet  producer,  the  size  of  the 
Ni/YSZ  particles  in  the  reduced  cermet  was  in  the  order  of  a  few 
micrometers.  It  has  been  shown  that  in  the  case  of  reoxidation 
the  particles  increase  in  size  with  a  sponge-like  microstructure, 
which  leads  to  strains  because  the  porosity  is  limited.  Even  in  the 
case  of  slow  reoxidation,  fracturing  was  observed  of  the  electrolyte 
and  microcracks  in  the  anode  [6].  In  addition,  nickel  sintering  and 
coarsening  has  been  reported  for  high-temperature  reoxidation 
(~1000°C  [48]).  Flowever  it  is  unclear  whether  these  processes 
occur  and  influence  the  behaviour  at  the  usual  operating  temper¬ 
ature  of  ~800°C  [36].  In  fact,  current  developments  aim  at  even 
lower  operating  temperatures  of  600  °C  to  reduce  the  material 
requirements  [50]. 

In  contrast  to  the  macroscopic  dimensions,  the  curvature  of 
cells  increased  significantly  during  both  reduction  and  reoxida¬ 
tion.  The  curvature  and  curvature  change  increased  with  decreasing 
substrate  thickness  [51].  An  increase  in  curvature  resulting  from 
reoxidation  has  also  been  reported  in  [35].  Although  creep  can 
occur  during  cooling  from  the  sintering  temperatures,  the  elec- 
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Fig.  1.  Curvature  during  reoxidation  and  re-reduction  (0.27  mm  anode,  800  °C). 


trolyte  is  in  a  state  of  compression  and  the  anodes  tend  to  be  in 
a  state  of  tension  due  to  the  difference  in  thermal  expansion  coeffi¬ 
cients  [52].  The  elastic  energy  represented  by  the  residual  stress  is 
conserved  during  the  reduction  process  as  long  as  relaxation/creep 
processes  are  negligible.  Hence,  as  a  result  of  the  lower  stiffness  of 
the  Ni/YSZ  cermet  compared  to  the  NiO/YSZ  structure  the  curva¬ 
ture  increases.  While  the  change  in  curvature  during  reduction  is 
a  result  of  the  change  in  cermet  stiffness,  the  change  in  curvature 
during  reoxidation  is  closely  related  to  the  irreversible  expansion 
of  Ni  during  transformation  into  NiO.  During  reoxidation,  the  cur¬ 
vature  changes  with  time  first  in  the  opposite  direction  and  then 
back  to  the  initial  direction.  Note  that,  the  results  presented  in  all 
figures  are  based  on  cells  with  Ni  content  40%,  porosity  30-40%. 

The  final  curvature  is  larger  than  in  the  initial  oxidized  state, 
although  reoxidation  expansion  should  lead  to  a  reduction  in  cur¬ 
vature  (Fig.  1 ).  Additional  reduction/reoxidation  cycles  increase  the 
curvature  further. 

A  model  has  been  proposed  [51  ]  to  interpret  this  complex  warp¬ 
ing  behaviour  where  reoxidation  starts  at  the  free  surface  of  the 
anode  and  then  continues  until  the  entire  anode  is  reoxidized. 
The  expansion  of  the  reoxidized  substrate,  which  starts  at  the  free 
substrate  surface,  initially  changes  the  curvature  to  the  opposite 
direction.  Once  the  reoxidized  area  has  passed  the  neutral  axis,  the 
expansion  causes  a  moment  in  the  opposite  direction,  changing 
the  curvature  again  to  the  opposite  direction.  A  similar  explanation 
holds  for  the  curvature  change  during  reduction.  The  proposed  pro¬ 
cess,  however,  does  not  explain  why  the  curvature  is  larger  in  the 
reoxidized  than  in  the  initial  oxidized  state.  It  was  proposed  that 
this  is  related  to  a  decrease  in  anode  support  stiffness,  which  could 
be  due  to  microcracks  which  were  observed  in  the  anode  substrate 
[6,51]. 

Ettler  et  al.  have  reported  that  reoxidation  at  800  °C  leads  to 
larger  warping  than  at  700  °C,  which  was  associated  with  a  larger 
reoxidation  strain  [36].  On  the  basis  of  these  investigations,  the 
following  dominant  failure  mechanism  was  suggested.  Upon  reox¬ 
idation,  the  substrate  expands  starting  from  the  free  surface  of 
the  anode  substrate.  The  electrolyte  cannot  follow  this  expansion, 
and  tensile  stresses  arise.  At  first,  these  stresses  can  be  relieved  by 
warpage  of  the  cell.  Once  the  tensile  residual  stresses  in  the  elec¬ 
trolyte  exceed  the  tensile  strength,  cracks  form  in  the  electrolyte. 
The  degree  of  reoxidation  (DoO)  and  homogeneity  of  oxidation 
determine  the  warpage  and  cracking  of  the  cell.  The  more  homo¬ 
geneous  the  reoxidation  is  the  lower  the  warpage,  the  higher  the 
tolerable  DoO  and  the  better  the  reoxidation  stability  of  the  cell.  In 
the  case  of  samples  attached  to  steel  plates  or  brazed  in  a  metallic 
frame,  sealant  delamination  and  cell  cracking  was  observed  as  a 
result  of  cell  warpage  upon  reoxidation. 


3 A. 3.  Residual  stress 

The  overall  room  temperature  residual  stress  in  the  electrolyte 
of  a  1.5-mm-thick  cell  determined  using  X-ray  diffraction  (XRD) 
was  about  -560  MPa  for  an  oxidized  anode  substrate  and  -520  MPa 
for  a  reduced  anode  substrate  [53].  Hence,  the  electrolyte  is  under 
compressive  stress.  Cells  with  slightly  different  anode  geometry 
(2  mm)  and  electrolyte  thickness  (~20-40  fxm)  gave  rise  to  stresses 
in  the  same  order  of  magnitude  (-660  MPa  for  oxidized,  -670  MPa 
for  reduced  cells  [54]).  With  respect  to  high-temperature  diffrac¬ 
tion  studies,  it  has  been  reported  that  the  residual  stress  decreases 
by  a  factor  of  6-8  for  oxidized  cells  and  4-6  for  reduced  cells  at  oper¬ 
ating  temperature  [55,56].  For  reoxidized  cells,  it  has  been  reported 
that  the  residual  stress  in  the  electrolyte  layer  is  ~60%  lower  than  in 
the  initial  oxidized  state  and  ~30%  lower  than  in  the  reduced  state 
[55].  In  another  study,  the  internal  stresses  for  samples  consisting 
of  a  300-|xm  anode  (made  of  NiO  and  3YSZ  in  the  tetragonal  phase) 
and  a  20-p.m  10mol%  scandia-stabilized  zirconia  (10mol%  Sc203 
doped  Zr02,  lOScSZ,  in  the  cubic  phase)  electrolyte  were  measured 
in  situ  during  reduction  and  reoxidation  cycles  using  high-energy 
X-ray  synchrotron  radiation  of  about  70  keV  [55,57].  At  room  tem¬ 
perature,  the  electrolyte  has  a  compression  of  about  400  MPa  and 
the  anode  a  tension  of  50-100  MPa.  During  heating  and  reduction, 
the  compressive  stress  in  the  electrolyte  decreases  and  becomes 
approximately  zero  at  1000  K.  Due  to  the  lower  coefficient  of  ther¬ 
mal  expansion  (CTE)  of  the  anode  after  reduction  compared  to  the 
as-sintered  state,  the  compressive  stress  of  the  electrolyte  reaches 
only  about  200  MPa  after  cooling  back  down  to  room  temperature 
in  the  reduced  state.  During  reoxidation,  the  Ni  phase  disappears 
at  about  800  K,  at  which  point  the  internal  stress  in  the  electrolyte 
changes  into  tension.  This  tensile  stress  is  the  reason  for  electrolyte 
cracking  upon  reoxidation. 

Recently,  XRD  measurements  at  room  temperature  were  car¬ 
ried  out  on  specimens  in  the  as-sintered,  reduced  and  reoxidized 
state.  Reoxidation  temperature  and  DoO  were  varied  in  these  inves¬ 
tigations.  Typical  results  obtained  at  600  and  800  °C  are  shown  in 
Fig.  2. 

As  the  reoxidation  front  proceeds  towards  the  electrolyte,  addi¬ 
tional  compressive  stresses  arise  as  long  as  the  reoxidation  front 
has  not  passed  the  neutral  axis  of  the  composite.  However,  it  has 
to  be  taken  into  consideration  that  the  stress  in  this  study  was 
measured  at  room  temperature  and  hence  is  also  strongly  influ¬ 
enced  by  the  difference  in  thermal  expansion  of  the  reoxidized  and 
still  reduced  volume.  In  fact,  the  stress  in  the  reoxidized  state  is 
slightly  reduced  or  nearly  equal  to  the  value  of  the  reduced  speci¬ 
men.  In  addition,  the  specimens  showed  an  increase  in  curvature. 
If  the  reoxidation  strain  in  the  substrate  is  neglected  (see  also  [3]), 
the  stress  in  the  electrolyte  should  be  between  the  value  for  the 
oxidized  and  reduced  state.  The  fact  that  the  stress  is  even  lower 
than  in  the  reduced  state  might  be  the  result  of  differences  in  ther¬ 
mal  expansion,  creep  or  microfracture  in  the  substrate  or  at  the 
interface  between  reoxidized  and  reduced  material  (Fig.  3). 

3.2.  Microscopic  effects 

In  order  to  obtain  further  insight  into  the  reoxidation  process, 
micrographs  were  taken  from  exactly  the  same  location  of  an 
anode-supported  half-cell  ranging  from  the  co-fired  state  to  the 
status  after  the  second  reoxidation  [58].  The  initially  dense  NiO  par¬ 
ticles  (Fig.  3a)  show  shrinkage  upon  reduction  (Fig.  3b).  However, 
the  microstructure  after  reoxidation  is  different  from  the  initial 
as-prepared  microstructure.  The  particles  are  fragmented  in  the 
reoxidized  state  and  have  a  spongy  microstructure  (Fig.  3c).  The 
reoxidized  particles  have  a  greater  porosity  (~30%)  and  occupy  a 
larger  volume  than  in  the  as-prepared  state.  Furthermore,  micro¬ 
cracks  in  the  anode  and  electrolyte  are  visible  after  reoxidation 
(Fig.  3c).  Reducing  the  NiO  again  results  in  dense  particles  (Fig.  3d), 
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Fig.  2.  Relationship  between  residual  stress  and  degree  of  reoxidation  (XRD  measurement  at  room  temperature)  for  reoxidation  temperatures  of  600  °C  (left)  and  800  °C 
(right) 


which  appear  to  occupy  a  larger  volume  than  in  the  initial  reduced 
state  (Fig.  3b)  and  hence  display  a  coarser  structure.  After  the 
second  reoxidation,  the  NiO  particles  appear  to  be  even  more  frag¬ 
mented,  showing  again  the  spongy  microstructure  (Fig.  3e).  The 
electrolyte  crack  shows  a  larger  opening.  Macroscopically,  the  crack 
density  was  larger  after  the  second  reoxidation  than  after  the  first. 
This  could  be  the  result  of  the  coarser  structure  of  the  Ni  in  the 
re-reduced  state.  Additional  TEM  investigations  also  revealed  the 
increased  porosity  in  the  reoxidized  NiO  particles  [58]. 

3.3.  Mathematical  descriptions 

The  material  expansion  related  to  anode  reoxidation  causes 
global  tensile  stresses  in  the  electrolyte.  By  comparing  the  elec¬ 
trolyte  strength  with  thermal  and  reoxidation  stresses  obtained 
using  FEM  simulations,  fracture  has  been  predicted  for  anodic 
expansions  between  0.16-0.19%  and  0.12-0.15%,  respectively 
[47,59]. 

A  simple  elastic  and  brittle  fracture  description  of  the  mechan¬ 
ical  effects  of  reoxidation  cycling  has  been  developed  for  planar, 
unconstrained  cells  and  cells  that  are  constrained  to  remain 
flat  [1].  Key  parameters  in  the  analysis  were  the  reoxidation 
strain  and  the  elastic  modulus  of  the  anode  in  its  oxidized  state. 
Three  characteristic  cell  configurations  were  considered:  anode- 
supported,  electrolyte-supported,  and  inert-substrate-supported 
[1  ].  The  dominant  structural  layer  in  each  configuration  is  perfectly 
rigid  and  experiences  zero  elastic  strain.  The  driving  force  for  fail¬ 
ure  was  the  release  of  elastic  energy  stored  within  the  stresses  in 


the  system,  which  was  induced  by  the  tendency  of  the  anode  to 
expand  upon  oxidation.  The  necessary,  but  insufficient,  condition 
for  failure  was  an  energy  balance  for  steady-state  crack  extension. 

It  was  concluded  that  oxidation  expansion  should  be  below 
about  0.1%  to  avoid  tensile  cracking  of  the  electrolyte.  For 
electrolyte-supported  cells,  the  failure  mode  is  likely  to  be  com¬ 
pressive  delamination  (spalling)  of  the  anode  from  the  electrolyte. 
This  failure  mode  can  be  initiated  at  an  edge  or  by  buckling.  The 
inert-substrate-supported  design  is  also  likely  to  fail  by  compres¬ 
sive  delamination— this  time  at  the  interface  between  the  anode 
and  substrate.  Flowever,  in  this  case,  the  delamination  is  more  dif¬ 
ficult  to  initiate  and  propagate  because  of  the  restraint  of  the  cell 
components.  This  design  should  therefore  be  able  to  survive  oxida¬ 
tion  strains  of  up  to  1%  for  an  anode  thickness  of  10  [im. 

Relationships  for  calculating  the  curvature  and  residual  stress 
for  layered  composites  from  the  difference  in  thermal  or  isothermal 
expansion  are  given  in  [60].  Thermal  stresses  caused  by  fixing  the 
cell  in  the  stack  or  by  temperature  gradients  can  be  added  to  this 
model  if  known,  for  example,  from  finite  element  simulations. 

The  use  of  the  relationships  is  exemplified  in  Fig.  4,  where  the 
radius  of  curvature  is  given  as  a  function  of  the  thickness  of  the  reox¬ 
idized  layer  for  a  particular  reoxidation  expansion  (cell  thickness 
~0.27  mm).  It  can  be  seen  that  the  behaviour  (change  in  direction) 
as  well  as  the  absolute  values  agree  with  the  experimental  data 
(Fig.  2  [51  ]).  Similar  agreement  was  observed  for  the  thicker  spec¬ 
imens.  Based  on  these  results,  it  can  be  suggested  that  reoxidation 
leads  to  a  strain  of  0.15%  in  agreement  with  the  results  reported 
in  [59]  and  a  reoxidation  strain  of  0.75%  in  the  anode,  yielding  a 


Fig.  3.  SEM  study  on  microstructural  changes  in  anode  and  substrate  due  to  reduction/reoxidation  cycles:  (a)  initial  co-fired  state,  (b)  reduced,  (c)  reoxidized,  (d)  re-reduced 
and  (e)  re-reoxidized. 
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Fig.  4.  Curvature  as  a  function  of  the  reoxidized  layer  thickness. 


tensile  stress  of  more  than  450  MPa  in  the  electrolyte  layer  at  the 
end  of  the  reoxidation  process.  This  stress  is  in  the  range  of  the 
sum  of  the  compressive  stress  (~200MPa  at  800  °C)  and  strength 
of  the  electrolyte  at  high  temperatures  (265  MPa  at  900  °C  [60]). 
The  large  strain  in  the  anode  is  also  reflected  in  the  small  cracks 
visible  close  to  the  electrolyte  in  the  anode  in  Fig.  3.  The  signifi¬ 
cance  of  the  anode  for  the  fracture  of  the  electrolyte  is  supported 
by  observations  reported  in  [3,4]. 

If  sufficient  experimental  data  are  available,  the  analysis  can  be 
refined  by  the  statistical  variability  in  the  failure,  usually  repre¬ 
sented  by  the  Weibull  distribution  of  the  fracture  stress  values. 
This  was  not  considered  in  [51,59,61].  In  the  case  of  thin  layers 
like  the  electrolyte,  it  has  been  suggested  that  a  lower  limit  of  the 
fracture  stress  -  a  so-called  threshold  stress  -  exists.  This  would 
be  more  appropriate  in  such  an  analysis  than  the  characteristic 
strength  [62]. 

A  parametric  study  of  the  effect  of  the  substrate,  anode  and 
the  use  of  an  inert-substrate  (reoxidation  expansion  substrate 
0.2%,  anode  2%,  Ao'-anode-electrolyte  2  x  1 0-6  K_1 ,  stress-free  at 
1 1 50  °C,  stiffness  of  electrolyte  200  GPa,  substrate  and  anode  68  GPa 
[50])  based  on  the  relationships  given  in  [60]  revealed  that  a  reduc¬ 
tion  in  the  thickness  of  the  anode  substrate  increases  the  residual 
stress  in  the  electrolyte  as  the  substrate  carries  part  of  the  strain. 
This  is  also  the  case  when  the  substrate  does  not  display  any  reoxi¬ 
dation  strain  (inert  ceramic);  in  the  latter  case  a  substrate  thickness 
of  ~300  |jim  is  sufficient  to  avoid  fracture.  In  this  case  as  well,  the 
characteristic  strength  of  the  electrolyte  at  800  °C  was  used  as  a 
fracture  criterion.  If  no  substrate  exists,  either  the  thickness  of  the 
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anode  layer  must  be  significantly  reduced  or  the  thickness  of  the 
electrolyte  layer  must  be  increased  in  order  to  avoid  macroscopic 
fracture.  It  should  be  noted  that  the  assumed  strains  are  only  esti¬ 
mates  and  a  reduction  in  the  reoxidation  expansion  of  the  substrate 
and  the  anode  layer  has  the  strongest  impact  on  reoxidation  stabil¬ 
ity. 

4.  Reoxidation  of  cell-  and  stack-type  structures 

For  SOFC  applications,  it  is  necessary  to  characterize,  on  the 
one  hand,  the  basic  mechanisms  associated  with  the  reoxidation 
of  Ni,  the  influence  of  the  reoxidation  on  the  integrity  of  the  sub¬ 
strate  and  the  functional  layers  on  a  microscopic  scale,  and,  on  the 
other  hand,  the  influence  of  the  reoxidation  parameters  such  as  gas 
flow  rate,  temperature  and  time  (operational  conditions)  on  half¬ 
cells  and  stack-like  structures,  e.g.  “half-cassettes”.  In  this  context, 
“half-cell”  refers  to  components  based  on  the  substrate  coated  and 
end-manufactured  with  anode  and  electrolyte  but  with  no  cathode 
layer.  “Flalf-cassette”  refers  to  components  consisting  of  half-cells 
sealed  to  a  window  frame  (as  part  of  a  repeating  unit  typically  used 
within  a  SOFC  stack),  which  are  tested  in  specially  designed  test 
equipment.  These  tests  are  more  complex  than  cell  tests  but  sim¬ 
pler  than  stack  testing.  The  main  goal  in  testing  sealed  half-cells  is 
to  characterize  the  influence  of  bending  constraints  and  behaviour 
within  a  sealed  system.  Half-cells  which  can  freely  bend  three- 
dimensionally  during  reoxidation  can  reduce  the  internal  stresses 
by  warping.  If  the  cells  are  sealed  in  a  frame  and  mounted  in  a 
test  stand,  the  available  free  moving  space  is  minimized  and  the 
stresses  can  only  be  diminished  by  cracking  (either  within  the  cell 
itself  or  between  cell  and  frame  within  the  sealant).  Therefore  the 
“cell  response”  must  differ  between  free  bending  and  constrained 
bending.  In  fact,  the  sealed  bending  status  of  the  cell  corresponds 
to  that  of  a  cell  within  a  stack,  and  is  thus  a  more  realistic  test. 
Based  on  this  idea,  various  tests  on  the  influence  of  the  above- 
mentioned  operation-like  parameters  were  carried  out  to  separate 
the  main  factors  of  influence  from  those  that  can  be  neglected,  and 
to  compare  the  macroscopic  behaviour  of  the  components  during 
free  bending  and  constrained  warpage. 

4.1.  Half-cells 

Half-cells  consisting  of  a  thick  substrate  (thickness  between 
500  and  1500p,m)  based  on  Ni-8YSZ  and  coated  with  an  anode 
(Ni-8YSZ,  7  [±m)  and  an  electrolyte  (8YSZ,  10  pan),  co-fired  at 
1400  °C  for  5h,  were  tested  inside  a  glass  cylinder  mounted  in 
a  furnace.  The  glass  recipient  was  flushed  with  either  ambient 
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Fig.  5.  Warpage  of  half-cells  (substrate  thickness  1500  |jim)  during  reoxidation  at  800 °C  for  15  min  with  varying  air  flux;  DoOs:  (a)  8%,  (b)  20%,  (c)  28%  and  (d)  38%  (the 
electrolyte  is  on  the  bottom  side)  [36,39,63]. 
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Fig.  6.  Optical  microscopy  of  a  half-cell  reoxidized  for  12  h  at  800  °C  and  with  a  DoO 
of  25%  (on  the  bottom  side,  the  substrate  border  is  the  starting  point  for  the  depth 
measurements  of  the  borderline  between  oxidized  and  reduced  Ni  phase). 


air  (for  reoxidation)  or  a  mixture  of  4%  hydrogen  in  argon  (for 
re-reduction).  Nitrogen  can  be  flushed  between  reoxidation  and 
re-reduction  cycles  as  an  inert  gas  agent.  The  varied  reoxidation 
parameters  are:  temperature  of  reoxidation  (300-800  °C),  time  of 
reoxidation  (1  min  to  48  h)  and  air  flux  (0-1200  mL min-1  at  0°C, 
1  atm).  When  one  parameter  was  changed  the  other  two  were  kept 
constant.  Fig.  5  shows  the  variation  in  half-cell  bending  during  reox¬ 
idation  of  the  samples  at  800  °C  for  1 5  min  with  varying  degrees  of 
oxidation  (DoO;  variation  parameter  was  air  flux)  [36].  Concerning 
the  results  presented  here,  no  results  from  experiments  at  tem¬ 
peratures  below  500  °C  were  included  because  there  is  negligible 
difference  in  results  obtained  at  500,  400  and  300  °C  with  respect 
to  warping  and  electrolyte  cracking. 

From  Fig.  5  the  following  conclusions  can  be  drawn:  the  higher 
the  DoO,  the  stronger  the  concave  bending  of  the  cells.  Even  at  only 
8%  reoxidation,  the  outer  side  of  the  substrate  is  completely  oxi¬ 
dized  (green  colour).  No  cracks  are  visible  up  to  38%  reoxidation. 
The  anode  is  still  in  a  reduced  (grey  colour)  state  (not  shown  in  fig¬ 
ure).  If  such  samples  are  cut,  polished  and  characterized  by  optical 
microscopy,  a  borderline  is  visible  between  the  reoxidized  outer 
part  and  the  remaining  reduced  state  at  the  inner  part. 

Fig.  6  shows,  as  an  example,  a  half-cell  reoxidized  at  800  °C 
for  12  h  and  with  a  DoO  of  25%.  The  end  of  the  five  red  lines 
drawn  from  the  substrate  surface  indicates  the  points  of  investi¬ 


gation  with  the  SEM.  At  these  points  the  substrate  was  analyzed 
to  determine  whether  Ni  or  NiO  was  the  dominant  phase.  The 
labels  state  the  distance  to  the  substrate  surface.  From  these  inves¬ 
tigations  a  borderline  (yellow  line)  at  about  200  [xm  from  the 
surface  of  the  substrate  defining  the  reoxidized  part  of  the  sub¬ 
strate  could  be  determined.  In  this  region  NiO  is  the  dominant 
phase,  although  some  remaining  metallic  Ni  particles  can  be  seen 
in  the  reoxidized  region.  This  relatively  sharp  border  between  the 
oxidized  and  reduced  Ni  is  only  visible  when  the  samples  are  oxi¬ 
dized  at  higher  temperatures.  Comparing  equivalent  reoxidation 
parameters  on  the  same  samples  by  only  varying  the  reoxidation 
temperature  from  800  to  600  °C  reveals  a  completely  different  sub¬ 
strate  microstructure  with  respect  to  reoxidation  homogeneity. 
Fig.  7  shows  optical  microscopy  micrographs  of  half-cells  reoxi¬ 
dized  at  600  or  800  °C  with  the  same  DoO  (41%).  It  is  obvious  that 
for  the  sample  reoxidized  at  600  °C  there  is  no  border  between  an 
oxidized  and  a  reduced  metal  region  within  the  cermet.  The  whole 
substrate  is  reoxidized  homogeneously  from  the  substrate  surface 
up  to  the  anode  [39].  The  reason  for  the  grey  colour  of  the  substrate 
is  that  only  the  surface  of  the  nickel  particles  is  oxidized  (see  the 
following  sections). 

One  effect  of  the  varying  homogeneity  of  reoxidation  is  that 
the  bending  behaviour  changes.  Samples  reoxidized  at  higher  tem¬ 
peratures  show  more  bending  than  samples  reoxidized  at  lower 
temperatures.  There  is  a  clear  correlation  between  homogeneity 
of  the  reoxidation  and  bending  of  the  half-cells.  Consequently, 
samples  reoxidized  at  lower  temperatures  can  withstand  higher 
DoOs  with  respect  to  electrolyte  cracking  due  to  better  oxidation 
homogeneity  and  less  porous  reoxidation  of  the  metallic  nickel. 
Therefore  another  consequence  of  better  homogeneity  is  superior 
reoxidation  tolerance.  This  means  that  the  higher  the  homogene¬ 
ity  of  the  reoxidation,  the  higher  the  tolerable  DoO,  the  smaller 
the  bending  and  the  better  the  cell  with  respect  to  redox  toler¬ 
ance. 

When  the  microstructure  of  samples  reoxidized  completely  is 
compared  to  those  reoxidized  only  to  a  limited  degree  at  700  °C,  it 
can  be  seen  that  the  sample  reoxidized  to  a  limited  degree  shows 
a  core-shell  structure  for  the  Ni  particles.  The  outside  of  the  Ni 
particles  is  oxidized,  while  the  core  is  still  in  a  metallic  state  (Fig.  8). 

A  comparison  of  specimens  reoxidized  at  600  or  800  °C  shows 
the  difference  in  DoO  and  electrolyte  cracking.  While  samples  oxi¬ 
dized  at  800  °C  can  reach  DoOs  of  up  to  74%,  even  with  high  air 
flux  and  under  comparable  conditions,  samples  aged  at  600  °C  can 
only  be  oxidized  to  51%.  In  addition,  the  samples  oxidized  at  800  °C 
already  show  electrolyte  cracking  at  a  DoO  of  25%,  while  those  sam¬ 
ples  oxidized  at  600  °C  show  no  cracking  even  at  a  DoO  of  51% 
(Fig.  9). 
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Fig.  7.  Optical  microscopy  images  of  two  samples  reoxidized  at  (a)  800  °C  and  (b)  600  °C;  warm-pressed  anode  substrate  with  a  thickness  of  1.5  mm,  anode  layer  with  a 
thickness  of  7  jjim,  electrolyte  with  a  thickness  of  10  p,m  [39]. 
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Fig.  11.  Scheme  of  half-cell  in  completely  reoxidized  state  at  T>  700  °C. 


o  radius  of  warpage  depends  on  DoO  and  homogeneity  of  oxida¬ 
tion. 

At  these  high  reoxidation  temperatures,  there  is  a  gradual 
change  from  the  partly  oxidized  to  the  completely  oxidized  state. 


Fig.  8.  SEM  micrograph  of  a  sample  with  a  DoO  of  39%  reoxidized  at  700  °C; 
core-shell  structure  of  partly  reoxidized  nickel. 
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Fig.  9.  Comparison  of  DoOs  of  samples  oxidized  at  800  °C  (dots)  and  600  °C  (squares) 
depending  on  the  air  flow  rate  (at  0°C,  1  atm). 


Based  on  these  findings,  a  mechanism  for  the  deterioration  of 
half-cells  is  proposed  (reoxidation  at  temperatures  >700  °C): 

•  Partially  oxidized  state  (reoxidation  front  below  neutral  axis) 
(Fig.  10): 

o  parts  of  the  substrate  are  elongated  during  oxidation; 
o  electrolyte  remains  under  compressive  stresses; 
o  if  reoxidation  front  does  not  pass  the  neutral  axis,  the  bending 
direction  remains  concave  with  respect  to  the  substrate; 
o  electrolyte  should  not  crack; 
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•  Completely  oxidized  state  (Fig.  11): 

o  substrate  and  anode  are  elongated; 
o  warpage  changes  from  concave  to  convex; 
o  electrolyte  comes  under  tensile  stresses; 
o  electrolyte  cracks. 

Additionally,  another  status  can  be  proposed  (mostly  occurring 
at  temperatures  <700  °C)  (Fig.  12): 

•  homogeneous  distribution  of  Ni  and  NiO  within  the  substrate; 

•  no  gradient  of  the  degree  of  oxidation; 

•  cell  bending  only  slightly  towards  the  electrolyte  (concave). 

Another  important  factor  for  the  reoxidation  behaviour  of 
cells  is  the  substrate  thickness  and  porosity.  By  reducing  the 
substrate  thickness  from  1500  to  1000  [xm  (retaining  the  manu¬ 
facturing  technique  and  substrate  microstructure),  it  was  possible 
to  enhance  the  redox  stability  of  half-cells.  Half-cells  based 
on  the  1000-|xm  substrates  can  be  oxidized  to  higher  DoOs 
without  electrolyte  cracking.  Tests  at  600  °C  showed  that  sam¬ 
ples  with  1500-|xm  substrates  can  be  reoxidized  to  DoOs  of 
60%  without  electrolyte  cracking,  while  those  cells  with  1000- 
|jim  substrates  can  be  reoxidized  completely  (100%)  without 
the  electrolyte  cracking.  For  these  thinner  substrates,  the  fixed 
microstructure  (Ni-YSZ  ratio,  porosity)  ensures  more  homoge¬ 
neous  oxidation  for  given  reoxidation  parameters  and  therefore 
reduced  bending  and  thus  initial  electrolyte  cracking  at  higher 
DoOs.  Additionally,  the  ability  of  the  substrate  to  bend  the  half- 
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Fig.  10.  Scheme  of  half-cell  in  partially  reoxidized  state  at  T>  700  °C. 


Fig.  12.  Scheme  of  half-cell  in  party  reoxidized  state  at  T<  700  °C. 
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Fig.  13.  Comparison  of  porous  and  more  dense  tape-cast  anode-substrate  half-cells; 
DoO  depending  on  the  air  flow  rate  (0°C,  1  atm)  at  a  given  time  and  temperature, 
electrolyte  cracking  for  both  types  of  samples  at  DoOs  >  20%. 


cell  is  reduced  due  to  a  higher  ratio  of  electrolyte  to  substrate 
thickness.  However,  reducing  the  substrate  thickness  even  fur¬ 
ther  does  not  result  in  a  further  improvement  of  redox  stability 
[39]. 

Tests  carried  out  at  half-cells  based  on  thinner  substrates 
(500  pan)  produced  by  tape  casting  and  with  a  lower  porosity 
(33vol.%)  showed  better  reoxidation  tolerance  than  those  with 
a  higher  substrate  porosity  (48  vol.%).  A  comparison  of  two  thin 
substrates  with  different  porosity  showed  that  the  more  porous 
substrate  at  800  °C  with  an  air  flux  of  0.2  nLmin-1  for  15  min  can 
be  oxidized  to  about  75%  with  cracks  in  the  electrolyte.  The  sam¬ 
ples  based  on  substrates  with  reduced  porosity  reoxidized  under 
the  same  conditions  show  DoOs  of  less  than  20%  and  therefore  no 
electrolyte  cracking  (see  Fig.  13). 

It  is  thus  concluded  that  lower  substrate  porosity  enhances 
cell  tolerance  with  respect  to  redox  cycling  because  gas  transport 
into  the  pore  structure  is  the  rate-determining  process.  Single-cell 
testing  (50mmx  50  mm)  of  comparable  cells  based  on  tape-cast 
substrates  show  the  first  restriction  on  anodic  diffusion  at  fuel  uti¬ 
lizations  of  more  than  55%.  The  balance  between  cell  power  output 


and  cell  redox  tolerance  must  therefore  be  optimized  as  the  two 
parameters  are  in  competition. 

4.2.  Half- cassettes 

For  the  tests  with  so-called  half-cassettes,  half-cells  of  the 
above-mentioned  specifications  and  with  dimensions  of  approx. 
1 50  mm  x  80  mm  (or  1 00  mm  x  1 00  mm)  were  sealed  with  a  glass- 
ceramic  (or  a  metal)  in  a  Crofer22APU  window  frame  (thickness 
500  |jim).  These  half-cassettes  were  mounted  in  test  equipment 
specially  designed  and  sealed  to  the  surrounding  sample  holder 
with  Thermiculite  XJ866  (mica).  The  test  equipment  was  placed 
into  a  glass  cylinder  and  the  substrate  side  of  the  half-cell  was 
flushed  with  ambient  air  (for  oxidation),  argon/4%  hydrogen  (for 
reduction)  and,  if  necessary,  nitrogen  as  a  flushing  gas  between 
oxidation  and  reduction.  For  the  tests,  the  same  conditions  were 
set  as  for  the  free-standing  half-cells  (only  a  change  in  the  flux  is 
necessary  as  the  air  flux  must  be  adapted  to  the  greater  substrate 
area  and  therefore  the  higher  amount  of  Ni  in  the  samples). 

A  schematic  overview  of  the  test  equipment  is  given  in  Fig.  14. 
Fig.  15  shows  a  picture  of  the  test  equipment. 

A  typical  result  from  a  test  run  at  600  °C  is  shown  in  Fig.  16.  The 
DoO  is  approx.  3%  and  therefore  most  of  the  substrate  is  still  in  a 
reduced  state  (grey  colour).  Only  a  rim  is  visible  at  the  gas  inlet  side 
and  the  two  bypass  sides.  In  addition,  a  coloured  structure  can  also 
be  seen  at  the  end  of  the  partially  oxidized  zone.  This  is  due  to  the 
gas  distribution  channels  in  the  test  setup.  Enhancing  the  DoO  from 
3  to  10%  does  not  change  the  visible  result.  Only  the  colour  within 
the  oxidized  regions  becomes  greener  (see  Fig.  17). 

When  the  temperature  is  raised  from  600  to  800  °C,  the  bor¬ 
der  between  the  reoxidized  and  reduced  regions  becomes  clearly 
visible  (Fig.  18),  implying  that  the  reoxidation  is  more  inhomoge¬ 
neous.  As  a  consequence  of  the  reduced  reoxidation  homogeneity, 
specimens  reoxidized  at  800  °C  to  DoOs  of  1 0%  were  cracked  macro- 
scopically.  Cracking  normally  starts  at  the  air-in  edge  of  the  samples 
and  at  the  sample  side  edges  (as  can  be  seen  in  Fig.  18). 

Based  on  the  results  obtained,  it  can  be  concluded  that  half-cells 
of  the  same  type  can  only  withstand  reoxidation  under  sealed  con¬ 
ditions  to  much  lower  DoOs  than  in  the  case  of  free  half-cells.  While 
unsealed  half-cells  can  be  reoxidized  to  approx.  20-25%  at  800  °C 
without  electrolyte  cracking,  the  samples  in  a  sealed  state  already 
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Fig.  14.  Test  setup  for  redox  testing  of  half-cassettes  (schematic). 
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Fig.  15.  Test  setup  for  half-cassette  redox  testing. 
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Fig.  16.  Photograph  of  a  half-cassette  reoxidized  at  600  °C  to  a  DoO  of  3%;  view  of 
the  substrate. 

fail  at  DoOs  of  ~10%  by  either  electrolyte  or  complete  cell  cracking. 
This  must  be  taken  into  consideration  when  transferring  results 
from  free-standing  cell  tests  to  nearly  operational  conditions.  Cell 
cracking  in  the  sealed  state  begins  earlier  due  to: 


Fig.  17.  Photograph  of  a  half-cassette  reoxidized  at  600  °C  and  with  a  DoO  of  10%; 
view  of  the  substrate. 


•  minimized  or  constrained  elongation  at  the  x-y  level  and/or 

•  constrained  cell  warping  and/or 

•  inhomogeneous  reoxidation;  in  addition  to  the  tests  carried  out 
on  free-standing  samples,  which  reveal  inhomogeneities  in  the 
z  direction  (over  the  substrate  thickness),  there  is  an  additional 
inhomogeneity  in  the  x-y  direction;  thus  inhomogeneities  are 
formed  in  all  spatial  directions 

It  is  still  unclear  what  factor  plays  the  key  role  and  to  what  extent 
each  factor  contributes  to  the  minimized  reoxidation  stability.  It 
can  only  be  said  that  the  failure  of  the  cell  in  a  sealed  status  is  a 
sum  effect  of  the  above-mentioned  reasons. 

Sealing  the  air  flow  edges  of  the  cells  or  closing  the  bypass 
did  not  change  the  shape  of  the  reoxidation  profile  on  the  sam¬ 
ples  significantly.  Therefore,  complex  and  expensive  edge  sealing 
arrangements  can  be  abolished. 

Initial  stack  testing  under  conditions  comparable  to  the  tests 
on  half-cassettes  shows  similar  results.  The  OCV  and  power  output 
remain  constant  during  redox  cycling  to  DoOs  of  less  than  1.5%.  It 
can  therefore  be  concluded  that  no  cracking  occurs. 


Fig.  18.  Photograph  of  a  half-cassette  reoxidized  at  800  °C  to  a  DoO  of  10%;  view  of 
the  substrate,  red  ellipses  highlight  the  macroscopic  cracks. 
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Fig.  19.  Time  flow  of  a  10-min  reoxidation  cycle:  after  purging  the  anode  gas  compartment  with  nitrogen,  a  well-defined  flow  of  air  (6  mL  air  cm-2  active  electrode  area)  was 
fed  to  the  anode  for  10  min.  After  this,  the  anode  gas  compartment  was  purged  with  nitrogen  at  a  similar  flow  rate.  To  re-reduce  the  anode  after  this  reoxidation  procedure, 
fuel  (H2)  was  provided  to  the  anode  again. 


5.  Redox-induced  electrochemical  degradation  of  single 
cells 

In  addition  to  mechanical  failures  resulting  in  the  electrolyte 
cracking  in  anode-supported  cells  ( ASCs)  or  the  anode  delaminating 
in  electrolyte-supported  cells  (ESCs),  a  temporal  reoxidation  and 
subsequent  re-reduction  within  the  anode  functional  layer  leads 
to  microstructural  changes  that  result  in  an  increase  of  the  anode 
polarization  resistance. 

To  study  the  impact  of  reoxidation  cycles  on  the  electrochemical 
performance  of  anode-  and  electrolyte-supported  cells,  single  cells 
with  a  Ni-based  cermet  anode  exhibiting  an  active  electrode  area  of 
16  cm2  were  tested  in  a  single-cell  test  bench  as  described  in  [64]. 

The  redox  stability  of  different  types  of  electrolyte-  and  anode- 
supported  cells  was  analyzed  at  an  operating  temperature  of 800  °C. 
In  Table  1  information  about  the  cells  and  especially  the  anodes  is 
given. 

Each  cell  was  subjected  to  50  short  redox  cycles  (reoxidation 
time:  1  min)  and  subsequently  50  long  redox  cycles  (reoxidation 
time:  10  min).  In  Fig.  19,  the  time  flow  of  a  10-min  reoxidation 
cycle  is  displayed. 

To  determine  the  decrease  in  performance  induced  by  the  redox 
cycles,  a  CV  characteristic  was  measured  every  10  cycles.  In  Fig.  20, 
the  normalized  power  density  Po.7v(n)1/Po.7v(0)  and  OCV  after  50 
short  redox  cycles  and  additional  50  long  redox  cycles  is  illustrated 
for  different  types  of  electrolyte-  and  anode-supported  cells. 

Whereas  the  OCV  of  electrolyte-supported  cells  is  not  affected 
by  redox  cycling,  the  anode-supported  cells  showed  a  notable 
decrease  and  even  complete  failure  (ESC  type  II)  after  50  short 
cycles.  This  can  be  attributed  to  the  formation  of  cracks  in  the 
electrolyte.  In  case  of  a  reoxidation  time  of  10  min,  the  OCV  of  all 
anode-supported  cells  dropped  to  zero  after  less  than  5  cycles. 

All  electrolyte-  and  anode-supported  cells  investigated  in  this 
study  showed  a  decrease  in  power  density  after  100  redox  cycles. 
This  is  related  to  microstructural  changes  resulting  in  an  increased 
ASR  and,  in  the  case  of  anode-supported  cells,  the  formation 
of  (micro-)cracks  in  the  electrolyte.  The  degree  of  degradation 
depends  on  the  cell  type  and  the  reoxidation  duration.  It  should 


1  Power  density  at  a  cell  voltage  of  0.7  V  after  n  reoxidation  cycles. 


be  noted  that  in  some  cases  (e.g.  ESC  type  3)  an  increase  in  perfor¬ 
mance  was  observed  during  the  first  redox  cycles.  One  reason  for 
the  different  degradation  behaviour  of  electrolyte-supported  cells 
has  to  be  attributed  to  the  anode  composition.  In  case  of  Ni/Y203 
doped  Zr02 -cermets  redox  cycling  leads  to  Ni-agglomeration 
resulting  in  a  loss  of  three  phase  boundaries  and  electronic  con¬ 
tact  between  the  Ni  particles.  In  Ni/Gd203  doped  Ce02  anodes  the 
mixed  ionic  electronic  conductivity  and  catalytic  activity  of  ceria 
lowers  these  degradation  effects.  Nevertheless  a  strong  degrada¬ 
tion  of  these  anodes  during  redox  cycling  is  obvious. 

To  study  the  impact  of  the  reoxidation  temperature  on  the  eval¬ 
uation  of  cracks  in  the  electrolyte,  as  well  as  on  the  decrease  in  cell 
performance,  ASC  type  1,  an  anode-supported  cell  with  a  1-mm 
Ni/8YSZ  substrate  as  already  described  in  the  previous  section,  was 
redox-cycled  at  600,  700  and  800  °C  using  the  same  procedure  (50 
short  redox  cycles +  50  long  redox  cycles).  The  relative  change  in 
power  density  is  shown  in  Fig.  21. 

It  is  obvious  that  a  decrease  in  the  operating  and  reoxidation 
temperature  results  in  a  decreased  degradation  in  performance. 

Considering  the  decrease  in  OCV  (Fig.  22),  three  different  causes 
for  the  decrease  in  performance  are  obvious: 

1.  At  constant  OCV  (no  formation  of  microcracks)  a  partial  reoxi¬ 
dation  of  the  anode  functional  layer,  resulting  in  microstructural 
changes  and  Ni-agglomeration,  leads  to  a  decrease  in  power  den¬ 
sity  (cycle  1-50  at  700  °C). 

2.  Even  a  small  decrease  in  OCV  caused  by  the  formation  and 
growth  of  microcracks  (cycle  30-50  at  800°C/cycle  51-100  at 
700  °C)  results  in  an  enhanced  decrease  in  power  density. 


Table  1 

Electrolyte-  and  anode  supported  cells  tested  with  respect  to  redox-induced  elec¬ 
trochemical  degradation. 


Cell 

Manufacturer 

Anode  material 

Anode  thickness3 

ESC  type  1 

I WE  [65] 

Ni/8YSZ 

30. .  .50  |jim 

ESC  type  2 

A 

Ni/Gd203  doped  Ce02 

~40  pan 

ESC  type  3 

B 

Ni/Gd203  doped  Ce02 

~30  fxm 

AS C type  lb 

FZJ  [39] 

Ni/8YSZ 

~1000  fxm 

AS C  type  2 

C 

Ni/YSZ 

~400  |jim 

ASC  type  3 

A 

Ni/YSZ 

~500  fxm 

a  In  case  of  ASCs:  thickness  of  anode  functional  layer  +  thickness  of  anode  sub¬ 
strate. 

b  Referred  to  earlier  as  cells  with  1000-p.m  substrates. 
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Fig.  20.  Normalized  power  density  and  OCV  of  different  types  of  electrolyte-  and  anode-supported  cells  during  redox  cycling  at  800  °C. 


3.  Next  to  these  “real”  degradation  processes,  warpage  of  the  single 
cell  (see  Section  4.1)  results  in  similar  behaviour.  Deterioration 
of  the  sealing  can  result  in  a  decrease  in  OCV,  and  a  (reversible) 
loss  in  power  density  could  occur  due  to  a  contact  loss  between 
the  electrode  and  the  current  collector.  We  assume  that  these 
effects  are  the  reason  for  the  fluctuating  power  density  at  600  °C. 
The  severe  decrease  in  power  density  (48%)  observed  between 
cycles  50  and  60  is  related  to  warpage  of  the  cell  during  the  first 
reoxidation  over  a  period  of  10  min.  Due  to  the  slow  reduction 
of  the  cermet  at  temperatures  below  650  °C  [26],  only  an  incom¬ 
plete  re-reduction  is  achieved  within  the  re-reduction  time  of 
8  min.  Therefore  an  insufficient  contact  results  in  performance 
loss  during  the  following  CV  measurements. 


In  Fig.  23,  the  degradation  of  type  1  anode-supported  cells  is 
shown  for  different  reoxidation  times  and  air  flow  rates  corre¬ 
sponding  to  an  02  amount  of  3  and  6%  oxidation  of  Ni  in  the  anode. 
The  results  show  that  for  rather  short  reoxidation  times  (~1  min), 
the  degradation  is  only  affected  by  the  reoxidation  time.  The  over¬ 
all  amount  of  oxygen  introduced  to  the  anode  does  not  cause  any 
degradation  as  long  as  the  reoxidation  time  is  sufficiently  short. 

The  electrochemical  tests  during  redox  cycling  show  that  redox 
cycles  that  do  not  affect  the  mechanical  integrity  of  the  cell 
may  nevertheless  cause  severe  performance  degradation.  Partial 
reoxidation  within  the  anode  functional  layer  causes  microstruc- 
tural  changes  that  generally  lead  to  an  increased  polarization 
resistance. 
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Fig.  21.  Normalized  power  density  of  ASC  type  1  during  redox  cycling  at  800,  700  and  600  °C. 
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Fig.  22.  OCV  of  ASC  type  1  during  redox  cycling  at  800,  700  and  600  °C. 
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Fig.  23.  Normalized  power  density  of  ASC  type  1  during  redox  cycling  under  differ¬ 
ent  conditions.  Three  and  6%  oxidation  corresponds  to  an  oxygen  amount  required 
to  reoxidize  3  and  6%  of  the  overall  Ni  amount  in  the  anode. 

6.  Conclusions:  reoxidation  of  anode-supported  SOFCs 

Metallic  nickel  in  the  substrate  and  anode  in  anode-supported 
SOFCs  reoxidizes  when  air  enters  the  fuel  cell  either  intentionally 
or  unintentionally  at  high  temperatures  and  leads  to  a  sponge-like 
NiO  structure  that  occupies  more  volume  than  in  the  original  oxi¬ 
dized  (as-prepared)  state.  This  volume  expansion  causes  stresses 
within  the  substrate,  the  anode  and  the  electrolyte.  If  the  stresses 
exceed  the  strength  of  the  electrolyte,  cracks  form  and  the  cell  fails 
catastrophically.  The  characterization  of  simple  Ni  and  YSZ  pel¬ 
lets  and  of  free-standing  half-cells  (cells  without  cathode  layers) 
show  an  acceptable  redox  behaviour.  Reoxidation  of  20-25%  (at 
800  °C)  and  even  higher  values  at  lower  temperatures  seem  to  be 
tolerable  without  electrolyte  cracking.  The  major  factors  affecting 
reoxidation  stability  appear  to  be:  (a)  the  degree  of  reoxidation,  (b) 
the  homogeneity  of  reoxidation,  and  (c)  the  temperature  at  which 
reoxidation  occurs. 

The  characterization  of  half-cassettes  (half-cells  sealed  to  metal 
frames)  with  respect  to  redox  stability  shows  that  reoxidation 
becomes  more  problematic  in  an  operation-like  environment.  In 
such  configurations,  anode-supported  cells  are  able  to  withstand 
redox  cycles  with  drastically  reduced  DoOs  in  the  region  of  around 
10%  for  a  few  cycles  and  around  1%  for  many  cycles.  By  redox 
cycling  of  stacks  with  maximum  DoOs  of  about  1.5%,  this  was  con¬ 
firmed  for  a  limited  number  of  cycles.  However,  cell  and  stack 


testing  with  respect  to  redox  cycling  needs  further  investigation. 
Special  limiting  factors  for  the  redox  tolerance  and  stability  of  cells 
in  operation-like  environment  appear  to  be:  (a)  the  fixed  position  of 
the  cell  allowing  only  limited  expansion  and  deflection,  and  (b)  the 
inhomogeneous  reoxidation  in  all  three  spatial  directions  due  to  the 
incident  flow  via  one  edge  of  the  cell.  Hence,  reoxidation  induces 
high  stresses  in  the  cell  frame  assembly,  causing  the  electrolyte  or 
even  the  cell  to  crack  or  leading  to  disruption  of  the  sealing  between 
cell  and  metal  frame.  In  single-cell  tests,  it  was  also  be  shown  that 
redox  cycling,  which  does  not  affect  the  mechanical  integrity  of  the 
cell,  can  nevertheless  cause  severe  cell  degradation. 

Based  on  these  observations,  it  can  be  concluded  that  intentional 
air  break-in  at  the  anode  side  of  SOFCs  should  be  avoided.  This  also 
applies  to  electrolyte-supported  cells.  Hence,  system  solutions  such 
as  bypass  tubes,  oxygen  getters  and  flushing  with  inert  gases  can¬ 
not  be  totally  neglected  and  should  be  considered  if  affordable  and 
acceptable  with  respect  to  the  mass  and  complexity  of  the  system. 
If  ingress  of  air  cannot  be  avoided  due  to  technical  limitations,  the 
amount  of  air  should  be  strongly  restricted  and  the  exposure  time 
of  the  anode  side  surface  should  be  strictly  limited  to  reduce  the 
amount  of  air  diffusing  into  the  substrate  and  the  anode  and  thus 
reoxidizing  the  nickel  to  minimize  the  degree  of  oxidation.  Coating 
Ni  with  reactive  elements  such  as  Y,  Zr,  La  and  Ce  or  their  oxides 
reduces  the  oxidation  rate  and  changes  the  morphology  of  the  oxide 
surface  by  changing  the  scale  growth  from  primarily  outward  to 
primarily  inward  [66].  Such  coatings  therefore  have  the  potential 
to  further  reduce  the  degree  of  oxidation  of  the  substrate  after  an 
intended  redox  cycle.  However,  a  suitable  coating  technology  for 
coating  the  outer  surface  of  the  anode  as  well  as  its  inner  structure 
has  to  be  found  and  established. 

The  redox  tolerance  of  both  cell  types,  anode-  and  electrolyte- 
supported  cells,  is  strongly  limited.  Unintentional  reoxidation  will 
lead  to  system  failure,  as  the  amount  of  oxygen  breaking  in  as 
well  as  the  oxidation  conditions  (time  and  temperature)  cannot 
be  controlled. 
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